Retinoblastoma gene product (pRB) plays critical roles in regulation of the cell cycle and tumor suppression. It is known that downregulation of pRB can stimulate carcinogenesis via abrogation of the pRB pathway, although the mechanism has not been elucidated. In this study, we found that Mdm2, a ubiquitin ligase for p53, promoted ubiquitin-dependent degradation of pRB. pRB was efficiently ubiquitinated by wild-type Mdm2 in vivo as well as in vitro, but other RB family proteins were not. Mutant Mdm2 with a substitution in the RING finger domain showed dominant-negative stabilization of pRB. Both knockout and knockdown of Mdm2 caused accumulation of pRB. Moreover, Mdm2 inhibited pRB-mediated flat formation of Saos-2 cells. Downregulation of pRB expression was correlated with a high level of expression of Mdm2 in human lung cancers. These results suggest that Mdm2 regulates function of pRB via ubiquitin-dependent degradation of pRB.
Introduction
The ubiquitin-proteasome system controls the abundance of a number of cellular proteins (Hershko, 1997) , particularly short-lived regulatory proteins such as IkBa (Yaron et al, 1998; Hatakeyama et al, 1999) , b-catenin , p27
Kip1 (Carrano et al, 1999; Nakayama et al, 2000) and cyclins (Koepp et al, 2001) . Polyubiquitinated proteins conjugated as a result of collaboration among a ubiquitinactivating enzyme (E1), a ubiquitin-conjugation enzyme (E2) and a ubiquitin ligase (E3) are selectively recognized and hydrolyzed by the 26S proteasome (Hershko, 1997) . The specificity of target protein selection is defined by ubiquitin ligases (Deshaies, 1999; Joazeiro and Weissman, 2000) . The tumor suppressor gene product p53 is differentially regulated by two distinct types of ubiquitin ligase: one is a HECT-type ligase and the other is a RING finger-type ligase. In the presence of papilloma virus E6 protein, p53 is ubiquitinated by E6AP, a HECT-type ubiquitin ligase (Scheffner et al, 1993) . In the absence of E6, Mdm2, a RING finger-type ubiquitin ligase, ubiquitinates p53 (Honda et al, 1997; Fang et al, 2000; Honda and Yasuda, 2000) . Recently, it has been reported that Pirh2 (Leng et al, 2003) and COP1 (Dornan et al, 2004) are also involved in ubiquitin-dependent degradation of p53. p53 transcriptionally regulates Pirh2 and COP1 as well as Mdm2. The Mdm2 gene is an oncogene found to be amplified in 30-40% of human sarcomas without mutations in the p53 gene (Oliner et al, 1992) . Degradation of p53 protein is thought to be accelerated by the overexpression of Mdm2 in these tumors. In addition, ARF, one of the alternative products of the INK4/ARF locus, binds to Mdm2 and thereby prevents it from antagonizing p53 (Pomerantz et al, 1998; Honda and Yasuda, 1999) . The INK4/ARF, which is frequently mutated or deleted in human cancers, is a typical tumor suppressor gene (Quelle et al, 1995) . Another product of this locus is the CDK inhibitor p16 ink4a , which regulates the retinoblastoma protein (pRB) pathway to inhibit cyclin D-Cdk4/6 kinases. At the late G1 phase, cyclin D-Cdk4/6 kinases phosphorylate and inactivate pRB, which plays a central role in the pRB pathway (Kamb, 1995; Weinberg, 1995; Kitagawa et al, 1996) . Then, the target transcription factors are released from pRB and activate the transcription of growth-promoting genes such as Cyclin E and DHFR, thus promoting cell cycle progression from G1 to S phase. Downregulation of pRB should induce abrogation of cell cycle regulation followed by acceleration of the transformation of normal cells to malignant cells. Thus, proteins that promote the degradation of pRB, such as ubiquitin ligase, are thought to exhibit oncogenic activity. We attempted to identify ubiquitin ligase(s) for pRB. pRB binds to many nuclear proteins, including Mdm2 and BRCA1, which have ubiquitin ligase activities. However, the physiological significance of their association with pRB has not been clarified. Here we provide in vivo evidence that Mdm2 is a ubiquitin ligase for pRB. We also provide evidence of downregulation of pRB by Mdm2. significance was not clarified. First, to investigate whether endogenous pRB can bind to Mdm2, we performed immunoprecipitation following immunoblotting assays (IP/IB). As shown in Figure 1A , endogenous pRB was detected in the immunoprecipitate with anti-Mdm2 antibody. Alternatively, endogenous Mdm2 was detected in the immunoprecipitate with anti-pRB antibody ( Figure 1B ). These results confirm that endogenous pRB binds to endogenous Mdm2. We next investigated whether Mdm2 is a ubiquitin ligase for pRB. We previously reported that Mdm2 shows ubiquitin ligase activity via the RING finger domain and promotes p53 ubiquitination (Honda et al, 1997; Yasuda, 1999, 2000) . In that study, we showed that mutant Mdm2 (mt-Mdm2) with a substitution of alanine for cysteine 438 in the RING finger motif lacked ubiquitin ligase activity for p53. As shown in Figure 2A , wild-type human Mdm2 (wt-Mdm2) or mt-Mdm2 expression plasmid was transfected into NIH3T3 cells with a full-length RB plasmid and an HA-tagged ubiquitin plasmid. Immunoprecipitated pRB was clearly ubiquitinated in the presence of wt-Mdm2 but not in the presence of mt-Mdm2 ( Figure 2A , lanes 1-5), whereas both wt-and mt-Mdm2 were bound to pRB (Figure 2A, lanes 6-10) . The pRB-bound Mdm2 activity was monitored by autoubiquitination of Mdm2 ( Figure 2A , lanes 6-10). On the other hand, other known ubiquitin ligases such as Fbw1/FWD1, MD6 and Skp2 could not promote ubiquitination of pRB (data not shown). BRCA1 is also a ubiquitin ligase that is known to bind to pRB.
However, even BRCA1-NT (N-terminal region of BRCA1) and BARD1, another ubiquitin ligase functioning as a cofactor for BRCA1 (Hashizume et al, 2001) , did not ubiquitinate pRB when these proteins and HA-Ub were expressed together with pRB in HEK293 cells ( Figure 2B , lanes 7 and 12). BRCA1-NT retained BARD1-dependent ubiquitin ligase activity (Supplementary Figure 1) . Thus, only Mdm2 enhanced the ubiquitination of pRB. In vivo ubiquitination of pRB by Mdm2 was also detected in HEK293 cells ( Figure 2B ) and HCT116 cells (data not shown). Importantly, ubiquitination of endogenous pRB was observed as shown in Figure 2C . Its ubiquitination was facilitated by transfection of wt-Mdm2 but not mt-Mdm2. These results suggest that Mdm2 is a ubiquitin ligase of pRB.
Specificities of ubiquitination of pRB by Mdm2
To evaluate the specificity of ubiquitination of pRB by Mdm2, we performed an in vivo ubiquitination assay using RB family proteins p107 and p130 (Ashizawa et al, 2001 ), which have not been shown to interact with Mdm2. Interestingly, both p107 and p130 recruited Mdm2 but were not ubiquitinated by Mdm2 ( Figure 2B , lanes 1-6). In addition, both knockout and knockdown of Mdm2 caused accumulation of pRB but not of p107 and p130 proteins (Figures 5A and 6A) . Thus, these results suggest that Mdm2 selectively ubiquitinates pRB among RB family tumor suppressor proteins.
ARF inhibits Mdm2-mediated ubiquitination of pRB
It has been reported that ARF protein inhibits both in vitro ubiquitination and in vivo downregulation of p53 protein via abrogation of Mdm2 activity (Pomerantz et al, 1998; Honda and Yasuda, 1999) . We found that ARF also inhibited ubiquitination of pRB by Mdm2 ( Figure 2B , top panel, lanes 10 and 15). Autoubiquitination of Mdm2 bound to pRB was also inhibited by ARF ( Figure 2B , middle panel, lanes 10 and 15). Ubiquitination of p53 by Mdm2 was also negatively regulated by ARF in vivo (data not shown).
In vitro ubiquitination of pRB by Mdm2
We next tested whether Mdm2 ubiquitinates pRB in an in vitro ubiquitination system. As shown in Figure 3A , ubiquitination of recombinant pRB was facilitated by lysates of Sf9 cells expressing wt-Mdm2 (lanes 1 and 3), but not mtMdm2 (lane 4). Furthermore, pRB bound to glutathione Stransferase (GST)-wt-Mdm2, which was purified with glutathione beads after in vitro ubiquitination reaction, was ubiquitinated as well as p53, as shown in Figure 3B . In contrast, pRB bound to GST-mt-Mdm2 was scarcely ubiquitinated. We then tried to reconstitute the in vitro ubiquitination of pRB using purified components. Purified GST-Mdm2 proteins and recombinant full-length pRB were incubated with E1, 6xHis-UbcH5 (E2) and biotinylated ubiquitin in an in vitro ubiquitination buffer. Immunoprecipitated pRB was ubiquitinated by wt-Mdm2 but not by mt-Mdm2 in this reconstitution assay ( Figure 3C , right). These findings suggest that Mdm2 is a ubiquitin ligase of pRB as well as p53. Interestingly, ubiquitination of pRB by Mdm2 was decreased in the presence of p53 in vitro ( Figure 3C , lanes 2 and 4) as well as in vivo (Supplementary Figure 2) . On the other hand, ubiquitination of p53 was diminished in the presence of pRB (Supplementary Figure 2) . Thus, p53 and pRB may compete with each other for the Mdm2-mediated ubiquitination. Exponentially growing HCT116 cells were treated with 20 mM MG115, a proteasome inhibitor, for 8 h. The cell lysates were subjected to IP with anti-Mdm2 (SMP-14) (A) or anti-pRB (G3-245) (B) and control immunoglobulin. The immunoprecipitates were separated by SDS-6% PAGE and then subjected to IB with anti-Mdm2 (SMP-14) or anti-pRB (G3-245) for detection of endogenous pRB and Mdm2. In all, 1% of the total lysate for IP was loaded in an input lane.
Facilitation of pRB degradation by Mdm2
We next examined the effect of a proteasome inhibitor on the levels of endogenous pRB in HCT116 cells ( Figure 4A ). The proteasome inhibitor MG115 accumulated endogenous pRB as well as endogenous Mdm2. We then carried out pulsechase experiments to determine whether Mdm2 affects the half-life of pRB ( Figure 4B ). RB-RI, an N-terminal regiontruncated pRB, was used in this experiment since the expression of full-length pRB and incorporation of [ 35 S]methionine were not sufficient for the signals of full-length pRB to be detectable. As shown in Supplementary Figure 3A , RB-RI retains both the pocket domain of full-length pRB and the C-terminal Mdm2-binding domain (Xiao et al, 1995) . It has also been reported that RB-RI has the same activity as that of full-length pRB, such as flat formation activity in Saos cells (Qin et al, 1992) . Since the downregulation of pRB by Mdm2 required the C-terminal region of pRB (Supplementary Figure  3B) , RB-RI should be degraded in almost the same manner as that of full-length pRB. Figure 4B shows that the introduction of wt-Mdm2 increased the rate of turnover of RB-RI in vivo. In contrast, MG115 treatment suppressed the downregulation of RB-RI by Mdm2. Furthermore, mt-Mdm2 exhibited a dominant-negative effect on the degradation of RB-RI. Consistent with this result, the results of chase experiments with cycloheximide treatment revealed that degradation of full-length pRB in SRB1-mt-Mdm2 cells, pRB-inducible and mt-Mdm2-expressing cells, was slower than in control SRB1 cells ( Figure 4C ). The induced levels of pRB in SRB1 cells were also increased in mt-Mdm2-overexpressing cells but were decreased in wt-Mdm2-overexpressing cells. pRB in the wtMdm2-overexpressing cells was stabilized in the presence of MG115 (Miwa et al, manuscript in preparation). These The full-length human RB expression plasmid pcDNA4-HisMax-hRB (full-RB) was transfected together with pcDNA4-HisMax wild-type (wt) or pcDNA4-HisMax-RING-finger mutant Mdm2C438A (mt) and pCGN-HA-ubiquitin (HA-Ub) into NIH3T3 cells. At 40 h after transfection, cells were incubated with or without 20 mM MG115 for 8 h. The immunoprecipitates obtained with anti-pRB antibody (G3-245) from cell lysates were separated by SDS-7% PAGE and detected by IB with anti-pRB (lanes 1-5) or anti-Mdm2 (lanes 6-10). In all, 3% of the cell lysate for IP was used in an input sample. wt-Mdm2 possessing self-ubiquitination activity promoted ubiquitination of pRB. (B) Full-length RB family expression plasmids of pRB, p107 or p130 were transfected into HEK293 cells with or without the plasmids of Mdm2 (wt or mt), BRCA1-NT (BRCA1) and myc-ARF (ARF). BRCA1-NT, an N-terminal region of BRCA1, is known to retain the ubiquitin ligase activity (Hashizume et al, 2001) . To activate BRCA1-NT, BARD1, a cofactor for BRCA1, was coexpressed. Plasmid of HA-Ub was cotransfected in all lanes. The immunoprecipitate obtained with anti-pRB (C-15), anti-p107 or anti-p130 was subjected to IB with anti-pRB (C-15), anti-p107 or anti-p130. Co-immunoprecipitated Mdm2 was monitored with anti-Mdm2 antibodies. In all, 2% of the lysate used for IP was loaded in an input lane and analyzed with anti-ARF antibody. (C) To detect ubiquitination of endogenous pRB, HCT116 cells were transfected with or without the plasmids of HA-Ub or Mdm2 (wt or mt). At 40 h after transfection, cells were incubated with or without 20 mM MG115 for 10 h. The cell lysates were immunoprecipitated (IP) with anti-pRB antibody (G3-245) or control immunoglobulin (cont-IgG) and separated by SDS-6% PAGE. Ubiquitination of endogenous pRB was detected by IB with anti-HA (12CA5) antibody.
findings suggest that Mdm2 promotes degradation of pRB through the ubiquitin-proteasome system.
Inhibition of Mdm2 activity results in accumulation of endogenous pRB
To confirm that Mdm2 contributes to degradation of pRB in physiological conditions, we examined whether the endogenous levels of pRB are accumulated in mt-Mdm2-expressing cells. We generated U2OS cells stably expressing mt-Mdm2 or an empty vector. As shown in Figure 4D , endogenous pRB was accumulated in mt-Mdm2-expressing cells but not in control cells (vector 1 and 2). The levels of pRB in the control cells were similar to those in wild-type U2OS cells (data not shown). In addition, endogenous pRB (aRB; red) in T98G cells, which were transiently transfected with the plasmid pcDNA4-HisMax-mt-Mdm2, was stabilized in mt-Mdm2 (aXpress; green)-expressing cells ( Figure 4E ).
For further confirmation that Mdm2 contributes to degradation of pRB, we investigated endogenous pRB levels in Mdm2-knockout mouse embryonic fibroblasts (MEFs). We used p53
À/À Mdm2 À/À MEFs, since Mdm2 À/À MEFs have not been established because Mdm2-knockout mice die during the early embryonic stage. As shown in Figure 5A , pRB was accumulated more in p53
MEFs, whereas the levels of p130 and p107 were unchanged, consistent with the results showing that p130 and p107 were not targets of Mdm2 ( Figure 2B ). The levels of pRB and p107 were not affected by depletion of Skp2 (Skp2 À/À MEF) (Nakayama et al, 2000) ( Figure 5B ), but p130 was stabilized in Skp2 À/À MEFs, supporting a recent study that Skp2 targets p130, leading to proteasome-dependent degradation of p130. In ARF À/À MEFs (Kamijo et al, 1997) , pRB levels were lower than those in wild-type cells, suggesting that enhancement of Mdm2 activity caused facilitated down-regulation of pRB ( Figure 5C ). MG115 caused accumulation of pRB in p53
MEFs, whereas it did not increase the levels of pRB in p53 Figure 5D ). This indicates that pRB was stabilized in p53 À/À Mdm2 À/À cells escaping from ubiquitination followed by proteasome-dependent degradation. We then tested whether the half-life of pRB is prolonged in p53
Mdm2
À/À MEFs. A chase experiment by treatment of cells with cycloheximide revealed that the degradation rate of pRB in p53
MEFs ( Figure 5E ). Taken together, these results suggest that endogenous Mdm2 is involved in degradation of endogenous pRB.
Abrogation of Mdm2 by siRNA stabilizes endogenous pRB
We further investigated the effects of knockdown of Mdm2 by siRNA on pRB levels. U2OS cells were transfected with Mdm2 siRNA or control siRNA oligo, and the cell lysates were subjected to IB with antibodies against pRB, p130, p107 and a-tubulin. As shown in Figure 6A , Mdm2 levels were decreased, whereas pRB was accumulated in Mdm2-knock down cells. In contrast, the levels of p130, p107 and a-tubulin were unchanged. To determine whether knockdown of Mdm2 interfered with ubiquitination of pRB, we measured pRB ubiquitination activity in Mdm2-knockout cells using the double IP method as described in Materials and methods.
In vivo ubiquitination of pRB was reduced in Mdm2-knock- Lysates of Sf9 cells expressing GST-wt-Mdm2 or mt-Mdm2 were incubated with recombinant full-length pRB together with E1, recombinant 6xHis-UbcH5, ubiquitin and 10 mM ATP in an in vitro ubiquitination buffer. pRB was immunoprecipitated with anti-pRB (C-15) antibody and analyzed by IB with anti-pRB antibody. (B) Ubiquitination of Mdm2-bound pRB. In vitro ubiquitination assay was performed as described in (A). GST-Mdm2-pRB or -p53 complex was then pulled down with glutathione beads, and analyzed by IB with anti-pRB (C-15), anti-Mdm2 (SMP14) or anti-p53 (Pab240) antibodies.
(C) Reconstitution of pRB ubiquitination using purified proteins. Purified GST-Mdm2 and recombinant full-length pRB were incubated with E1, UbcH5 (E2) and biotinylated ubiquitin with or without purified p53 in the in vitro ubiquitination buffer. After denaturation, pRB was immunoprecipitated two times with antipRB antibody (3H9, MBL) and separated by SDS-6% PAGE. Ubiquitination of pRB in both the reaction mixture (Pre-IP) and immunoprecipitates (Double IP) was detected by avidin-HRP. Immunoprecipitated pRB was analyzed with the anti-pRB antibody.
down cells ( Figure 6B , right panel). Thus, Mdm2 functions in ubiquitination and degradation of pRB. Given the contribution of Mdm2 to degradation of pRB, downregulation of Mdm2 could alter the rate of proliferation of affected cells. We examined the effects of Mdm2 siRNA on the rate of cell proliferation in U2OS cells or H1299 cells, a p53-null cell line (Supplementary Figure 4) . The rate of proliferation of U2OS cells was decreased in Mdm2-knockdown cells. A decrease in the rate of proliferation by knockdown of Mdm2 was also observed in H1299 cells. Furthermore, the downregulation of Mdm2 altered the cell cycle profile, causing reduction of population at S phase of H1299 cells.
Mdm2 interferes with the pRB pathway
To investigate whether Mdm2 regulates pRB function in vivo, we introduced a wt-or a mt-Mdm2 expression vector into SRB-1 cells, pRB-inducible Saos-2 cells (Figure 7) . It is known that ectopic expression of pRB in Saos-2 cells, an RB-deficient osteosarcoma cell line, causes flat cell formation (Ookawa et al, 2001) . SRB-1 cells are stable transformants containing human RB cDNA driven by a tetracycline-regulated promoter (Ookawa et al, 1997 (Ookawa et al, , 2001 ). Therefore, SRB-1 cells in which pRB expression is induced by depletion of tetracycline exhibit flat cell formation. To identify the cells expressing Mdm2 and detect pRB-mediated flat cell formation, we used an expression vector that permits both Mdm2 and EGFP cDNA to be translated from a single bicistronic mRNA, which should then make Mdm2-expressing cells identifiable by EGFP fluorescence. Depletion of tetracycline caused flat cell formation in approximately 65% of EGFP-positive cells with mock transfection (Figure 7Ba-d and C) , whereas expression of wtMdm2 significantly prevented formation of the enlarged flat cell phenotype (Figure 7Be, g and C) . In contrast, mt-Mdm2 permitted flat cell formation in 70% of the cells (Figure 7Bf , h and C). In EGFP-negative cells, which had not been efficiently transfected with the expression vector, 70% of the cells showed the flat phenotype (data not shown). In these experiments, pRB levels were lower in wt-Mdm2-expressing cells than in nontransfected cells ( Figure 7A, left) . On the contrary, pRB levels were high in mt-Mdm2-transfected cells compared to the levels in nontransfected cells ( Figure 7A, right) , consistent with the results showing that dominant-negative effect of mt-Mdm2 resulted in pRB accumulation (Figure 4 ). These observations suggest that Mdm2 may inhibit pRB function in vivo via its ubiquitin ligase activity against pRB, although the possibility that Mdm2 indirectly regulates pRB function cannot be ruled out.
Effects of Mdm2 on pRB expression in human non-small lung cancers
In order to evaluate the effects of Mdm2 on pRB expression in human clinical tumors, immunohistochemical analysis of the expressions of both pRB and Mdm2 in non-small cell lung carcinoma tissues from 30 patients was carried out. Two representative patterns of immunostaining with anti-pRB and anti-Mdm2 antibodies are shown in Figure 8A . In sample no. 18, an adenocarcinoma tissue sample, Mdm2 signal was negative and pRB signal was clearly positive. On the other hand, Mdm2 signal was positive and pRB signal was negative in sample no. 2, a squamous cell carcinoma tissue sample. We graded the levels of Mdm2 in the 30 tissue samples as low, moderate and high. Eight of the 30 tissue samples showed signs of Mdm2 overexpression, and Mdm2 expression level was low in eight samples. The other 14 samples showed a moderate expression level of Mdm2. Statistical analysis of all samples using Fisher's method indicated that expression levels of pRB were significantly decreased in Mdm2-high tissues compared to those in Mdm2-low tissues (P ¼ 0.0013) ( Figure 8B ). pRB expression in Mdm2-moderate tissues was in the middle level of that in Mdm2-high and Mdm2-low tissues. In normal tissues of the same patients, overexpression of Mdm2 was not observed. These results suggest that Mdm2 promotes downregulation of pRB in human lung cancer. We then determined LOH of pRB and the status of p53 in these tumors by SSCP analysis among six Mdm2-high tumors described above (Miwa et al, manuscript in preparation). Expression levels of p16 ink4a proteins were also determined by immunohistochemical analysis among six Mdm2-high tumors and six Mdm2-low tumors described above (Miwa et al, manuscript in preparation). It has been shown that the levels of p16 ink4a and pRB are high and low, respectively, in many human cervical cancers (Klaes À/À or p53
À/À (B) or wild-type (WT) or ARF À/À (C) MEFs were subjected to IB with antibodies against p130, p107, Mdm2 and a-tubulin. pRB was immunoprecipitated with anti-pRB antibody and analyzed with the antibody. (D) MEFs were treated with or without 20 mM MG115 for 10 h. pRB was immunoprecipitated with anti-pRB antibody and analyzed by immunoblotting with the antibody. a-Tubulin levels in 6% of the total material used are shown in input lanes. (E) MEFs were treated with 10 mg/ml of cycloheximide for the indicated time, and the endogenous pRB levels were analyzed as described in Materials and methods. et al, 2001). LOH of pRB was found in only one case, the p53 genes were mutants in four cases and the p16 ink4a levels were high in three cases of the Mdm2-high tumors. In contrast, the p16 ink4a levels were at the background level in all of the Mdm2-low tumors. The p16 ink4a levels were also at the background level in normal tissues. Discussion pRB, which plays a major role in the pRB pathway, negatively regulates cell cycle progression from G1 to S phase. As shown Figure 8 Inverse correlation between pRB and Mdm2 expressions in human lung cancers. (A) Immunohistochemical staining for pRB and Mdm2 in human non-small cell lung cancer tissues was carried out using streptavidin-biotin-peroxidase complex methods as described in Materials and methods. Original magnification is Â 400.
(B) The graph shows the levels of pRB expression of non-small cell lung carcinomas (n ¼ 30). pRB expressions were classified according to Mdm2 expression (low, moderate or high). Eight of the 30 tissue samples showed signs of Mdm2 overexpression, and Mdm2 expression was low in eight samples. The other 14 samples showed a moderate expression level of Mdm2. pRB expression levels were significantly decreased in Mdm2-high samples. *Po0.05, **Po0.005. Figure 7 Mdm2 inhibits pRB-mediated flat cell formation. (A) Cellular pRB levels were downregulated by Mdm2. SRB1 cells were transfected with pcDNA4-HisMax-Mdm2 (wt or mt). After transfection, the cells were cultured for 7 days in 10% FBS-DMEM medium without (TetÀ) 1 mg/ml of tetracycline for induction of pRB. Cells were subjected to immunostaining with anti-Mdm2 (green) or anti-RB (red). (B) Mdm2 inhibited pRB-mediated flat formation of osteosarcoma cells. SRB1 cells were transfected with pIRES2-EGFP-wtMdm2 (wt-Mdm2), pIRES2-EGFP-mtMdm2 (mt-Mdm2) or pIRES2-EGFP (vector) as described in Materials and methods. After transfection, the cells were cultured in 10% FBS-DMEM medium with (Tet þ ) or without (TetÀ) 1mg/ml of tetracycline for induction of pRB. Cells were photographed at day 7 or 8 after transfection using a phase-contrast microscope (a, b, e, f) and a fluorescent microscope (c, d, g, h) by many previous studies, pRB is mainly regulated via the phosphorylation of pRB by G1 cyclin-dependent kinases at restriction points (Weinberg, 1995) . In this study, we found that Mdm2 promoted ubiquitination and degradation of pRB. Gene disruption of Mdm2 and downregulation of Mdm2 by siRNA caused accumulation of endogenous pRB in cells (Figures 5 and 6) . A series of our results implies that ubiquitin-dependent degradation by Mdm2 is another mechanism of downregulation of pRB function.
Our collaborator Yasuda et al found that Mdm2 is a ubiquitin ligase of p53 (Honda et al, 1997) . There have been many reports on Mdm2-mediated regulation of p53 (Michael and Oren, 2003) . Alternatively, it has been suggested that Mdm2 has p53-independent functions in cell cycle regulation, differentiation, DNA repair, basal transcription and other biological processes (Ganguli and Wasylyk, 2003) . Mdm2 has been shown to be a pRB-binding protein (Xiao et al., 1995) , but the physiological function of this binding has not been elucidated. As shown in Figure 1 , we confirmed that endogenous Mdm2 bound with endogenous pRB. In Supplementary Figure 3 , it is shown that Mdm2-mediated degradation of pRB required the C-terminal region of pRB, which was bound to Mdm2. In addition, the pRBbinding domain in Mdm2 was required for ubiquitination of pRB (data not shown). Therefore, binding of pRB with Mdm2 is necessary for degradation of pRB. In contrast, RB family proteins, p107 and p130, were not ubiquitinated by Mdm2 but they were associated with Mdm2 ( Figure 2B ). Moreover, knockout or knockdown of Mdm2 by siRNA caused accumulation of endogenous pRB but not p107 and p130 in cells ( Figure 5A and B) . Disruption of Skp2 caused accumulation of p130, supporting the previous finding that a ubiquitin ligase of p130 is SCF Skp2 as reported by Tedesco et al (2002) . These data suggest that the Mdm2-mediated ubiquitination of both pRB and p53 is specific. Dubs-Poterszman et al (1995) reported that Mdm2 abrogates p107-mediated G1 arrest in Saos-2 cells. Because Mdm2 has no ubiquitin ligase activity for p107 and since both p53 and RB were inactivated in Saos-2 cells, another function of Mdm2 might also be involved in the p107-mediated arrest.
Activity of pRB is mainly regulated via phosphorylation of pRB by cyclin-dependent kinases at the restriction point in the late G1 phase of the normal cell cycle. The proteolytic degradation of pRB by Mdm2 may play a role in the regulation of the amounts of active pRB in cells to maintain the threshold level of active pRB. When the Mdm2 levels or its activities increase, by the gene amplification of Mdm2 or inactivation of ARF, for example, the threshold level of pRB might become lower, thereby facilitating progression from G1 to S phase and causing accelerated proliferation. Activation of Mdm2 through phosphorylation of serine residues in Mdm2 (Zhang and Prives, 2001; Zhou et al, 2001 ) via some signal transduction pathways, including the Akt and MAP kinase pathways, might induce degradation of pRB, thereby accelerating the G1-S transition. The decrease in cellular pRB, caused by loss or mutation of the gene or by its degradation, would perturb the pRB pathway, one of two key pathways for tumor suppression. The results shown in Figure 7 suggest that the overexpression of Mdm2 suppressed the pRB function in SRB1 (Saos2 with inducible pRB) cells, because inhibition of flat formation of these cells indicates interference with the pRB pathway (Ookawa et al, 1997) . Since Saos-2 cells have no normal p53 protein, it is likely that Mdm2 facilitates degradation of pRB and suppresses the pRB pathway in these cells. Besides, downregulation of Mdm2 by siRNA reduced proliferation of U2OS cells (wild-type p53-positive cells) and H1299 cells (p53-negative cells) regardless of p53 status. These observations suggest that Mdm2 inhibits pRB function in vivo via its ubiquitin ligase activity against pRB, although the possibility that Mdm2 indirectly regulates pRB function cannot be ruled out. Taking into consideration that Mdm2 has been known to abrogate p107-mediated G1 arrest in Saos-2 cells as described above (Dubs-Poterszman et al, 1995) , the effect of Mdm2 knockdown on the cell cycle profile might also be explained by interference with p107 activity.
There are several reports of Mdm2 being a possible regulator of both p53 and pRB. Yap et al (1999) speculated in their review that pRB may protect p53 from Mdm2-mediated degradation. As shown in Figure 3C , ubiquitination of pRB was suppressed in the presence of p53. Reciprocally, in vivo ubiquitination of p53 was inhibited in the presence of pRB (Supplementary Figure 2) . p53 and pRB may compete with each other for their ubiquitination mediated by Mdm2, whereas Mdm2 binds to p53 and pRB through different regions on Mdm2 protein. These findings may support the results obtained by Hsieh et al (1999) and Yap et al (2000) showing that pRB overcomes the antiapoptotic function of Mdm2 against p53. On the other hand, it is also likely that p53 negatively regulates pRB via Mdm2-dependent degradation, since Mdm2 is one of the target genes of p53. Taken together, these results suggest that Mdm2 is a key molecule that bridges pRB and p53 as reported in previous reports (Yap et al, 1999; Ganguli and Wasylyk, 2003) .
The simultaneous abrogation of the activities of two major tumor suppressor pathways, the pRB and the p53 pathways, might cooperatively induce transformation of cells. Our pathological study showed the reciprocal correlation of pRB expression with Mdm2 expression in human non-small cell lung cancers. In normal tissues of the same patients, overexpression of Mdm2 was not observed. LOH of pRB was not found in most of Mdm2-overexpressing tumors. Moreover, some Mdm2-overexpressing tumors with mutant p53 also suppress the pRB levels (Miwa et al, manuscript in preparation). These results suggest that Mdm2 contributes to degradation of pRB in human cancer cells. As Mdm2 is known to be an oncogene product, our findings might imply that downregulation of pRB by Mdm2 is also involved in carcinogenesis. Further study will be required to clarify whether downregulation of pRB by Mdm2 contributes to cell transformation and carcinogenesis.
Materials and methods

Plasmids
A clone of the full-length human pRB cDNA was recloned into pcDNA4-HisMax (Invitrogen). pcDNA4-HisMax-hRB-RI encoding 6xHis-Xpress-tagged N-terminus-truncated pRB, designated RB-RI, was constructed as follows. The full-length human pRB cDNA was recloned into pBluescript II. The resultant pBluescript II-RB was digested with EcoRI and NotI to yield the region of pRB cDNA encoding amino acids 301-949, and the DNA fragment was then ligated into the EcoRI-NotI site of the pcDNA4/HisMax vector, which has a 6xHis tag and an Xpress tag at the N-terminus. Plasmid of 3xFlag pRB was generated by inserting the full length of pRB cDNA in pcDNA3.1 containing 3xFlag tag sequences. Expression vectors of BRCA1-NT (N-terminal) and BARD1 were kindly provided by T Ohta (Hashizume et al, 2001) . Expression vectors of p107 and p130 were kindly provided by M Hatakeyama (Ashizawa et al, 2001) . To construct the plasmids pcDNA4/ HisMax-wt-Mdm2 and pcDNA4/HisMax-mt-Mdm2 (C438A), the BamHI-EcoRI fragment of each cDNA was subcloned into the BamHI-EcoRI site of pcDNA4/HisMax plasmid.
Cell lines
The SRB1 cell line, which is a full-pRB-inducible clone of Saos-2 cells regulated by tetracycline (Tet-Off system) (Ookawa et al, 1997 (Ookawa et al, , 2001 , and Skp2
þ /À and Skp2 þ / þ MEFs (Nakayama et al, 2000) were kindly provided by Dr Ookawa and Dr Nakayama, respectively. p53 À/À , p53 Jones et al, 1996) and ARF À/À MEFs (Kamijo et al, 1997) were previously reported. A U2OS stable cell line expressing mt-Mdm2 was selected with zeocine. The SRB1-mt-Mdm2 cell line, a stable transfectant with pcDNA4/HisMax-mt-Mdm2, was established from SRB1 by screening with zeocine. SRB1 and SRB1-mt-Mdm2 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 0.5 mg/ml of G418, 0.3 mg/ml of hygromycin, 1 mg/ml of tetracycline and 0.3 mg/ml of zeocine (for SRB1-mtMdm2). HEK293 cells, HCT116 cells and U2OS cells were cultured in DMEM containing 10% FBS. NIH3T3 cells were cultured in DMEM containing 10% calf serum.
In vitro ubiquitination
Recombinant wt-and mt-Mdm2 proteins fused with GST were produced in insect cells using a baculovirus system. The cell lysates were used in the in vitro ubiquitination assay in Figure 3A and B. For the reconstitution assay in Figure 3C , the GST proteins were purified using glutathione beads. Purified GST-Mdm2 and recombinant full-length pRB (QED Bioscience) were incubated with E1 (Boston Biochem.), recombinant 6xHis-UbcH5, ubiquitin or biotinylated ubiquitin in an in vitro ubiquitination buffer (50 mM TrisHCl, pH 8.3, 2 mM dithiothreitol, 5 mM MgCl 2 , 10 mM ATP, 1 mM phosphocreatinine, 0.2 U/ml phosphocreatine kinase, 4 mM calpain inhibitor I (LLnL), 25 mg/ml ubiquitin aldehyde and 10 mg/ml protease inhibitors) at 301C for 30 min. The reactions were terminated and the proteins were denatured in SDS sample buffer at 1001C for 10 min.
In vivo ubiquitination
In vivo ubiquitination of pRB was assayed as follows. All plasmids were transfected into HCT116 cells in 10-cm dishes by lipofection with Lipofectamine-plus reagent (Invitrogen) or FuGENE6 (Roche Applied Science) or into HEK293 cells and NIH3T3 cells in 10-cm dishes by the calcium phosphate method. The cell lysates were prepared with lysis buffer A (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.5% Triton X-100, 10 mg/ml each of antipain, pepstatin, E-64, leupeptin and chymostatin, 400 mM Na 3 VO 4 , 10 mM NaF and 10 mM sodium pyrophosphate) 48 h after transfection. To induce accumulation of polyubiquitinated pRB, cells were treated with a proteasome inhibitor, MG115 (20 mM), for 8-10 h starting at 38-40 h after transfection and then harvested. The cell lysates were incubated with 2 mg of anti-pRB antibody (C-15, Santa Cruz, or G3-245, BD Pharmingen) and protein G-Sepharose 4FF (Amersham Biochem) at 41C for 2 h. The immunocomplexes were washed four times with lysis buffer A. In the case of double IP, the first immunocomplex was denatured by treatment with SDS sample buffer at 1001C for 10 min. Then, ubiquitinated pRB was reimmunoprecipitated with anti-pRB antibody (C-15 or G3-245), separated by SDS-PAGE (6 or 7%) and transferred from the gel onto a PVDF membrane. Proteins were detected by IB with the antibodies anti-HA (12CA4, Roche), anti-pRB (C15, IF8 or G3-245) or anti-Xpress antibody followed by treatment with horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibody (Promega) and visualized using an enhanced chemiluminescence system (PerkinElmer).
Pulse-chase experiment
A 7 mg portion of RB-RI plasmid was transfected with 14 mg of an empty vector, wt-Mdm2 or mt-Mdm2 into HEK293 cells. At 42 h after transfection, cells were metabolically labeled with Trans[ 35 S] (ICN Pharmaceuticals Inc.) at 87.5 m Ci/ml for 1 h and chased for the indicated times with or without MG115 (20 mM). Cell lysates were subjected to IP with anti-pRB antibody (C-15) followed by purification with protein G-Sepharose, separated by SDS-7% PAGE, exposed to an imaging plate and analyzed quantitatively using BAS-1000 (Fuji Film).
For the chase experiment with cycloheximide, MEFs were treated with 10 mg/ml of cycloheximide for the indicated time. SRB1 and SRB1-mt-Mdm2 cells were treated in the same way 48 h after depletion of tetracycline. pRB in MEFs was immunoprecipitated with anti-pRB antibody (G3-245), and the amounts of precipitated pRB were examined by IB analysis. Other cell lysates were subjected to IB with anti-RB or anti-a-tubulin antibody (Sigma).
RNA interference U2OS cells grown in six-well plates at 80-90% confluence were incubated in 1.8 ml/well of DMEM containing 10% FBS. An 80 pmol portion of dsRNA oligos (40 nM/well) in 0.2 ml of Opti-MEM I medium (Invitrogen) containing 3.6 ml of Lipofectamine 2000 (Invitrogen) was added to the medium in each well. After transfection for 12 h, the medium was replaced with 2 ml of fresh DMEM containing 10% FBS and the culture was continued for another 24 h. The cells were then treated with trypsin-EDTA to be regrown in new six-well plates for 12 h, following the next transfection in the same way as described above. Transfection was carried out repeatedly three times in a single assay. The nucleotide sequences of the siRNA for Mdm2 were 5 0 -r(AAGG AAUAAGCCCUGCCCA)d(TT)-3 0 .
Flat cell formation assay wt-or mt-Mdm2 cDNA was ligated into pIRES2-EGFP plasmid (Clontech), which contains an internal ribosome entry site that permits both the gene of interest and the EGFP gene to be translated from a single bicistronic mRNA, to generate the plasmid pIRES2-EGFPwtMdm2 or pIRES2-EGFP-mtMdm2. SRB1 cells were transfected with pIRES2-EGFP-wtMdm2 (wt-Mdm2), pIRES2-EGFP-mtMdm2 (mt-Mdm2) or pIRES2-EGFP (Vector) with FuGENE6 transfection reagent. After transfection, the cells were cultured in a six-well plate with (Tet þ ) or without (TetÀ) 1 mg/ml of tetracycline for 7 days.
Immunohistochemistry
For immunohistochemical analysis, 5-mm-thick formalin-fixed, paraffin-embedded sections were deparaffinized, dehydrated and placed in a microwave oven for 40 min in citric acid solution (10 mM, pH 6). The slides were incubated with 0.3% H 2 O 2 in absolute methanol for 30 min to quench endogenous peroxidase activity. The sections were incubated with primary antibodies against Mdm2 (1B10, Novocastra) or RB (3H9, MBL) overnight at 41C. A biotin-conjugated secondary antibody was added to the sections for 30 min. A streptavidin-biotin-peroxidase complex and a chromogen solution containing diaminobenzidine were applied to each section for 10 s to 2 min according to the manufacturer's instructions (Histofine SAB kit, Nichirei). The sections were lightly counterstained with hematoxylin and mounted with a permanent mounting medium. For the evaluation of pRB and Mdm2 expression, the number of stained nuclei was counted. At least 10 high-power fields were chosen randomly and scored for the percentage of cells in each section in which more than 100 cells were stained.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
